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Motivation
• Laser communication (“free-space optical”, FSO) offers 
improved data rates over radio
• Optical crosslinks for CubeSats have further potential, 
new challenges
– Exotic receivers (e.g. cryogenic cooling) likely not 
widespread
– Aperture size, power limited
• Frequency-doubling nonlinear optics can provide 3+ 
dB of link margin (factor of 2) improvement for 
crosslinks
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Motivation
Pure 1550 nm Pure 775 nm Hybrid w/ Freq. Dbl.
Positive COTS  telecom  
hardware available 
and inexpensive
Lower photon energy 
-> more photons -> 
reduced shot noise
Silicon APDs have less 
thermal noise than InGaAs
[7, 9]
Narrower diffraction limit
Takes advantage of 
the positives  of  
both wavelengths
Marginally less mass 
than one of each 
transmitter
Negative Most ground stations 
use cryocooling to 
reduce detector noise, 
large apertures to 
increase sensitivity, 
challenging on 
CubeSats
Falls within FAA’s definition 
of “visible” [8] – extra reg. 
overhead to downlink
Current ground stations all 
operate at NIR
Greater sky radiance at 
visible wavelengths [13]
Conversion is not 
100% efficient
Some electrical 
power required to 
control switching
(<1 watt)
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Frequency-Doubling Optical Transmitter (FDOT)
•A spacecraft can transmit on two wavelengths 
with the same optical hardware:
• EDFA = Erbium-Doped Fiber Amplifier
• PPLN = Periodically Poled Lithium Niobate
• PM = Polarization Modulator
• TEC = Thermo-Electric Controller
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•A spacecraft can transmit on two wavelengths 
with the same optical hardware:
• EDFA = Erbium-Doped Fiber Amplifier
• PPLN = Periodically Poled Lithium Niobate
• PM = Polarization Modulator
• TEC = Thermo-Electric Controller
Frequency-Doubling Optical Transmitter (FDOT)
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Case Study: FLARE
• Free-space Lasercom And Radiation Experiment [15]
• When my analysis started, it was a pair of 6U...
…though it’s since changed to a pair of 3U.
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Design Space Exploration
• Link margin calculations [6, 17] plus frequency-
doubling
• Link parameters based on OCSD [14], FLARE [15], 
NODE [17]
• Variables:
Elec. power (5-50 W)
Range (100-10,000 km)
SHG efficiency: 75%
SHG req. elec. pwr: 0.62 W
• Output: Difference in
link margins (dB)
• Goal: 3+ dB / factor of 2x improvement in link
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PPM Order 64
Slot Rate 200 MHz
Avg. optical TX power 200 mW (@5.7 W elec)
Laser wavelength 1550, 775 nm (w/ FDOT)
Extinction ratio 42 dB
Half-power beamwidth 2.26 mrad
Path length 200 km
Receiver aperture 85 mm (from early FLARE rev)
Receiver focal length 153 mm (f/1.8 lens)
Design Space Exploration
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FLARE (collimator-limited)
At nominal operating point: -1.1 dB
Beneficial Not Beneficial
Power cost starts to 
become significant
1550 vs. 775 nm
2.26 vs. 2.26 mrad
Design Space Exploration
10
FLARE (diffraction-limited)
At nominal operating point: +3.0 dB
Signs that the benefit 
plateaus at close ranges
APD gains at max, 
no relative changes 
in link margins
1550 vs. 775 nm
2.26 vs. 1.13 mrad
Design Space Exploration
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2 cm aperture (diffraction-limited)
At nominal operating point: +4.0 dB
Limiting factor at 
extremely close 
range: shot noise
(hurts Si more –
fewer photons)
1550 vs. 775 nm
189 vs. 95 μrad
Design Space Exploration
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Halving FLARE’s beamwidth (no SHG)
At nominal operating point: +3.3 dB
FDOT benefit 
greater
FDOT benefit less
1550 vs. 1550 nm
2.26 vs. 1.13 mrad
Future Work
•Reformulate design space exploration:
margin -> improved data rates, ranges, power
•Evaluate science benefits, e.g. guide stars [1], 
alternate optical processes to generate longer 
wavelengths [2, 4, 19]
•Additional case studies, e.g. lunar and longer 
ranges (cf. KitCube [21]), larger satellites
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Conclusion
•Frequency doubling with nonlinear optics can 
improve crosslink margins by 3+ dB without 
moving parts, while remaining compatible with 
existing ground stations
– Previously considered for interplanetary laser 
communication (benefit: 8-10 dB)
– Applicable for nanosatellites as well
•Being able to transmit on multiple wavelengths 
also has science applications, for e.g. guide 
stars and atmospheric studies
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Backup: Laser communication
•Offers higher data rate for similar size, weight, and 
power (SWaP) cost to radio systems:
𝑃𝑟 = 𝑃𝑡
𝜋𝐷𝑡𝐷𝑟
4𝑅𝜆
2
𝜂
•Commercial off-the-shelf (COTS) hardware 
available
•CubeSats limited by power, TX/RX area, pointing, 
acquisition, tracking (PAT)
•Any system improvement increases flexibility of 
design space.
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Backup: Pulse-Position Modulation
•Pulse-Position Modulation (PPM) allows pulses 
to have higher power without increasing avg
power required:
•Bandwidth capped by PPM order, slot rate – as 
long as there’s enough received power
•Required power depends (in part) on receiver
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Backup: Si vs. InGaAs QE
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[XX]
Backup: Avalanche photodiodes
• Avalanche photodiodes (APDs) are biased so photons 
excite “avalanches” of electrons. [12]
• More bias -> more sensitive, but also more noise
• Ideal gain depends on incident power, semiconductor 
[10, 11]
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Backup: Nonlinear Optics
•Dielectrics (e.g. crystals) are polarized when 
exposed to electric fields (e.g. laser light).  At 
high enough power, nonlinear effects become 
important.  This includes Second Harmonic 
Generation (SHG) [3, 17]:
• PPLN = Periodically Poled Lithium Niobate
• PM = Polarization Modulator
• TEC = Thermo-Electric Controller
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Backup: Nonlinear Optics
•Conversion efficiency requires precise tuning of 
the poling period of lithium niobate – the ideal 
period depends on the wavelength to be 
multiplied.
• PPLN = Periodically Poled Lithium Niobate
• PM = Polarization Modulator
• TEC = Thermo-Electric Controller
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Backup: PPLN
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[XX]
Backup: PPLN SHG efficiency
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Thermal control is key
•From experimental work at a JPL summer 
internship:
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Periodically-Poled Lithium Niobate crystal temperature (K)
